Objective. Type I interferon (IFN) is important to systemic lupus erythematosus (SLE) pathogenesis, but it is not clear how chronic elevations in IFN alter immune function. We compared cytokine responses after whole blood stimulation with Toll-like receptor (TLR) agonists in high-and low-IFN SLE patient subgroups.
INTRODUCTION
Interferon (IFN)-α has been implicated as a causal factor in human systemic lupus erythematosus (SLE) (1) . Approximately half of SLE patients have high circulating IFN-α levels in large patient cohorts (2) , and elevated circulating IFN-α has been associated with disease severity and activity (1, 3) . Longitudinal studies of SLE cohorts have generally documented the stability of type I IFN levels over time, despite the association with disease activity (4, 5) . These data taken together suggest that although the high-IFN subgroup of patients generally has greater disease activity, the type I IFN levels are relatively stable, thus forming two large subgroups of patients that are largely distinct from each other. This is supported by the idea that both genetic factors and stable autoantibodies, such as anti-Ro and anti-ribonucleoprotein, have demonstrated strong associations with circulating IFN-α levels (2, (6) (7) (8) .
High levels of IFN-α have been associated with clinical features in SLE, such as renal disease, skin rash, and hematological manifestations (2, 9, 10) . This would suggest underlying differences in immunopathogenesis between high-and low-IFN SLE patients and that these differences contribute to the observed heterogeneity in clinical features between patients (11) . Although it is clear that IFN-α marks an important pathologic subgroup of SLE patients, the differences in the functional immune response between high-and low-IFN SLE patients remains largely unknown. The impact of the chronic elevation of IFN-α found in SLE upon the immune system would likely not be predicted well by short-term in vitro experiments.
Some previous studies have examined differences in circulating cytokine levels in SLE patients, comparing those with high and low type I IFN levels (12) (13) (14) . These have generally shown that B lymphocyte stimulator levels are correlated with type I IFN levels in patients and that tumor necrosis factor (TNF)-α is not associated with type I IFN levels in circulation. In the present study, we used a standardized whole blood stimulation method to compare stimulated cytokine outputs after Toll-like receptor (TLR) engagement, which allowed us to compare the functional immune system in SLE patients with high and low IFN levels. We found that stimulated cytokine outputs allows for greater differentiation between high and low IFN subjects than resting levels of cytokines in circulation. Interestingly, TLR4 stimulation demonstrated a great diversity of responses between high and low IFN groups, suggesting a particularly strong interaction between IFN and lipopolysaccharide (LPS) stimulation. This result may help to explain the immunopathogenesis of an SLE flare following gram negative bacterial infection.
MATERIALS AND METHODS
Subjects and samples. We studied 32 female SLE patients in total between 18 and 55 years of age who met the American College of Rheumatology 1997 update to the 1982 criteria for the classification of lupus (15) . Exclusion criteria were pregnancy, active acute or chronic infections, current daily prednisone dosage more than 10 mg, and current biologic or intravenous therapy. Ten healthy female controls were included after being screened for the absence of autoimmune, inflammatory, or infectious conditions, and they were not receiving any immunomodulatory or cancer treatments. Controls were recruited across a similar age range as the patients. Demographic and clinical data from the patients are shown in Table 1 . There were 9 high-IFN SLE patients and 23 low-IFN SLE patients. High-IFN SLE patients were defined as those having IFN levels more than 2SD above the mean of healthy controls, as we have done previously (2) . For the overall analyses of plasmacytoid dendritic cells (pDCs) and serum cytokines, all patients were included (Figures 1-3 ). For the stimulated cytokine assays (Figures 4 and 5 ), all of the 9 high-IFN patients were included, and 11 low-IFN patients were included to balance the two groups. As has been reported in a number of previous studies, the high-IFN SLE patients were younger and had lower complement C3 and C4 as compared with the low-IFN SLE patients (2, 9, 16) . Informed consent was obtained from all subjects, and the study was approved by the institutional review board (i14-00487). Tru-Culture system. Whole blood was dispensed into Tru-Culture tubes (Myriad RBM) shortly following phlebotomy. The inside surface of the tubes were coated with a standardized amount of lyophilized stimulant to provide an exact concentration of stimulant in the whole blood sample. Stimulants in the tubes were as follows, with a separate tube for each: IFN-α, oligonucleotides with cytosine-guanine repeats (CpG), Resiquimod (R848), LPS, IFN-α + LPS, and null (no stimulant). The tubes were incubated overnight at 37°C as per manufacturer protocol, and cytokines were measured in the samples from the tubes after an incubation period (22 hours) using the methods described below.
Multiplex cytokine assay. The following cytokines were measured in sera and supernatants from Tru-Culture tubes using a human cytokine panel (Invitrogen) per manufacturer instructions: EGF, Exotaxin, fibroblast growth factor (FGF)-β, hepatocyte growth factor (HGF), interleukin (IL)-RA, IL-1β, IL-2, IL-2r, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12 (70), IL-13, IL-17, IP-10, granulocyte-colony stimulating factor (CSF), granulocyte-macrophage-CSF, IFN-γ, monocyte chemoattractant protein-1 (MCP-1; MCAF), monokine induced by gamma, macrophage inflammatory protein (MIP)-1β, RANTES, vascular endothelial growth factor (VEGF), and TNF-α.
WISH assay for type I IFN.
Reporter cells were used to measure the ability of patient sera and Tru-Culture supernatants to cause IFN-induced gene expression. The reporter cells (WISH cells, American Type Culture Collection [ATCC] CCL-25) are cultured in 50% patient serum or diluted supernatant for 6 hours. The cells are lysed and complementary DNA was made from total cellular messenger RNA. Canonical type I IFN-induced gene expression (MX1, PKR and IFIT1) is measured using quantitative polymerase chain reaction. The relative expression of these three genes is standardized to healthy donors and summed to generate a score reflecting the ability of sera to cause IFN-induced gene expression (serum type I IFN activity). For more detail, please see the references (17, 18) . This assay has been highly sensitive and informative in a variety of human autoimmune disease cohorts (2, 19, 20) . Laboratories) . Cells were labeled with lineage (lin) antibody cocktail-fluorescein isothiocyanate (CD3, CD14, CD16, CD19, CD20, and CD56; Biolegend Inc), anti-HLADR-eFluor 450 (clone LN3; Ebioscience Inc), and anti-CD123-PE-Cy7 (clone 6H6). pDCs were identified as lineage negative cells that were HLADR+CD123+. Cells were analyzed using a BDTM LSR II flow cytometer using FACSDiva software (BD Biosciences) at the Flow Cytometry core facility. PBMCs were gated upon using light scatter properties. Isotype controls were used to determine nonspecific fluorescence.
Flow cytometry. Peripheral blood mononuclear cells (PBMCs) were isolated on Ficoll-Paque gradients (Cederlane
Statistical analysis. Data were tested for normality using the D'Agostino-Pearson normality test, and parametric vs. nonparametric analyses were used depending upon the result (unpaired t test vs. Mann-Whitney U test). Most cytokine values did not conform to a normal distribution, and for multiple testing, such as multiple correlation or multiple t tests, nonparametric analyses were employed. Statistical correction for multiple comparisons was done on the multiple t tests for the stimulated cytokine results using the Benjamini, Kreiger, and Yekutieli method choosing a 5% false discovery rate as implemented in the GraphPad software program.
RESULTS
pDCs are reduced in circulation in SLE patients with high IFN levels. We studied the frequency of circulating pDCs in the high-and low-IFN SLE patients as well as controls, as the frequency of pDCs in circulation has been reported to be reduced in patients with SLE (21) . Interestingly, the patients with high IFN had the lowest circulating pDC counts, which was significantly less than controls (Figure 1 , P = 0.014). The low IFN SLE patients were intermediate between the controls and the high IFN SLE patients. Interestingly there were some low IFN SLE patients with pDC proportions that were similar to controls, whereas the distribution of pDC proportion in the high IFN SLE patients did not overlap that of the controls. There were no differences in the absolute lymphocyte count, CD19+CD20+ cell counts, or monocyte subset counts between high and low IFN patients (data not shown.)
Correlations between serum cytokines in high vs.
low IFN SLE patients are strikingly different. We measured cir- Figure 2 . IL-1b and IL-4 showed a trend toward being higher in serum in the high IFN patients as compared with the low IFN SLE patients (nominally significant P < 0.05 for both). We next examined correlation patterns between serum cytokines in the high-and low-IFN patient groups. Interestingly, the correlations between cytokines were significantly different between the low-and high-IFN patient groups (Figure 3 ). Of the 30 correlations observed with a correlation coefficient of 0.7 or greater, only 1 was common between the high and low-IFN patient groups, whereas 29 were distinct and not shared with the other IFN subgroup. This differs significantly from a model in which half of the correlations are shared between the IFN subgroups (P < 0.0001 by the Fisher exact test). Notable differences include multiple correlations with IFN-γ, IL-4, IL-5, IL-12, IL-15, and MIP-1β in low-IFN patients, and multiple correlations with IL-1β, FGF-β, and TNF-α in the high-IFN patients. The one shared cytokine correlation between high-and low-IFN SLE patients was between TNF-α and MIP-1β ( Figure 3) . These data support the idea that the high-and low-IFN subsets of SLE patients have immunological differences beyond the type I IFN system. Figure 4A and B shows all of the multiplex cytokine assay data from low-and high-IFN SLE patients for each of the stimulated conditions. R848 induced significant increases in the production of VEGF, IL-1b, IL-10, MIP-1a, MIP-1b, TNF-α, and IP-10 in controls as well as in both low and high IFN SLE patient groups (Supplemental Table 1 ). FGF-β, IL-2R, IL-6, IL-7, IL-8, and IL-12 were significantly increased in both low-and high-IFN SLE patient groups after R848 stimulation but were not increased significantly in controls. IFN-γ, MCP-1, and HGF were increased only in the low-IFN SLE patients and not in high-IFN SLE patients or controls after R848. In contrast, CpG stimulation did not induce any significant elevation in any of the cytokines tested in whole blood cultures from patients and controls. After finding this result, we began adding fresh CpG to the tubes in case the preloaded CpG had degraded, but we found similar results (data not shown). After IFN-α stimulation, controls and low-IFN SLE patients significantly increased production of IP-10, whereas high-IFN SLE patients did not (Supplemental Table 2 ).
Stimulated cytokine patterns differ significantly between patients with high IFN and low IFN.
Following LPS stimulation, VEGF was consistently elevated in all conditions: controls, low-and high-IFN SLE patients, with and without the additional IFN-α in the tube as a co-stimulant (Figure 4C , Supplemental Table 3 ). The patterns observed after LPS stimulation were interesting and complex for many of the other cytokines, and different combinations of LPS-induced cytokines were observed in the high vs. low endogenous IFN groups. The tubes that combine IFN-α and LPS as co-stimulants are interesting in this context as well ( Figure 4C ). TNF-α was induced by LPS in all control and patient conditions except in the high IFN SLE group stimulated with LPS + IFN-α. These data suggest that the high levels of IFN both endogenously in the patient sample and exogenously as a stimulant in the tube-reduced TNF-α production in response to LPS.
MIP-1b was elevated in the high-IFN SLE patients after LPS stimulation as well as the low IFN SLE patient IFN-α + LPS tube ( Figure 4C ). These data suggest that IFN-α is important to the induction of MIP-1b after LPS stimulation in SLE patients. IL-7 was induced by LPS in each category of SLE patient but not in controls treated with either LPS or IFN-α + LPS. FGF-β and IL-2RA responses were interesting because the control IFN-α + LPS tube resembled the SLE patient LPS alone and IFN-α + LPS tubes, suggesting that the co-stimulation of the control sample with IFN-α resulted in a more lupus-like response for these two cytokines. It is also notable that some of the cytokines that are induced in controls and low-IFN SLE patients were not induced in the high-IFN SLE patients. In the case of IL-1b, MCP-1, and IL-1RA, the control subject LPS+IFN-α tube mirrored the low-IFN SLE LPS alone patient tube but not the high-IFN SLE patient LPS alone tube. This could suggest that some priming of the IFN pathway in the controls via added IFN or low chronic levels of IFN in the low-IFN SLE patients allows for induction of these cytokines, whereas the high chronic IFN levels in the high-IFN SLE patients inhibited the production of the same cytokines. IP-10 was induced in the IFN, LPS, and IFN-α+LPS tubes in both the controls and low-IFN SLE patients and was not induced in either of the high-IFN SLE patient tubes, also suggesting that chronic high-level IFN stimulation has suppressed the ability of the cells to induce IP-10. 
Stimulated type I IFN responses.
We examined type I IFN production using a functional assay in supernatants from the stimulated tubes above, including both controls and patients with SLE, normalized to the pDC count in the blood sample. Interestingly, the high-IFN patients produced less type I IFN than controls or low-IFN patients in response to all TLR agonists, with the exception of LPS alone ( Figure 5) . In contrast, the low IFN patients demonstrated higher type I IFN production than controls after stimulation with IFN-α and were similar to controls after stimulation with R848 and IFN-α+LPS. These data suggest that type I IFN responses following TLR7/8 ligation are blunted in patients who already have high circulating type I IFN levels, whereas responses to LPS are stronger. This resembles the data from other cytokines above in which stimulated outputs differ significantly between high-and low-IFN patients, and in general there are fewer and different cytokines induced in the high-IFN patients as compared with the low-IFN patients.
DISCUSSION
Overall, we found many differences in circulating and stimulated cytokines when comparing the high-and low-IFN SLE patients in this study. This suggests that the distinction between these groups is likely to be important with respect to the pathogenesis of disease features as well as response to therapy. Trials of anti-type I IFN drugs in SLE have largely supported the idea that patients with high vs. low IFN respond differently to treatment (1, 22) . Although this may be expected because the target of the therapy is being measured prior to treatment, in this study we observed a number of different non-IFN cytokine differences that segregate between the high-and low-IFN patient groups. This suggests the possibility that circulating type I IFN levels could predict response to other therapies as well.
Finding a reduced proportion of circulating pDCs in high-IFN SLE patients as compared with low-IFN SLE patients and controls may seem paradoxical at first. However, it seems that these data support the model that pDCs migrate from the blood into inflamed tissues where type I IFNs are produced, and the type I IFN observed in the circulation is present as a "spill over" effect. This is supported by histology studies demonstrating pDCs infiltrating inflammatory lesions in SLE patients (23) . Gene expression studies frequently find IFN-induced gene expression to be elevated in peripheral circulating blood cells but do not observe type I IFN transcripts themselves to be elevated in these cells when comparing patients with controls (3, (24) (25) (26) (27) . These peripheral blood data suggest that the although circulating cells are responding to type I IFN, they are not overproducing it in the blood. This study for the first time shows that the reduction in circulating pDC proportion is most prominent in the high-IFN SLE patients, further supporting the idea that pDCs leave the circulation for the tissues to make type I IFN. Alternative explanations that cannot be excluded include increased apoptosis in pDCs, or that chronic type I IFN exposure suppresses the differentiation of cells into the pDC lineage.
Although we observed some differences in serum cytokine levels between high-vs. low-IFN patients, more dramatic differences were found in the correlations between serum cytokines in high vs. low patients. These data suggest that although the absolute levels did not differ as greatly, the cytokine programs and overall coordination between cytokines was significantly different between the high-and low-IFN groups. Interestingly IL-4, IL-5, IL-12, and IL-15 all demonstrated a large number of between-cytokine correlations in the low-IFN patients, whereas the inflammatory cytokines IL-1b and TNF-α demonstrated a large number of correlations in high-IFN SLE patients with other cytokines in the same sample. Stimulated cytokine results also documented a greater array of differences between the high-and low-IFN groups than did the serum cytokine comparison. Although CpG did not induce any differences in the whole blood cultures in cytokine levels, the TLR7/8 ligand R848 induced a number of changes. In general, and the low-IFN patients were more responsive to R848 and IFN-α than the high-IFN patients. There were no instances of a cytokine that was induced in the high-IFN patients after R848 or IFN-α that was not also induced in the low-IFN patients. In contrast, there were four cytokines that were induced in low-IFN patients in response to either R848 or IFN-α, which were not induced in the high-IFN patient subset. One possibility to explain this is that the chronic high-IFN state observed in the high-IFN patients may result in a down-regulation of endosomal TLR responses. In contrast, it is possible that the smaller amount of IFN present in the low-IFN subjects may result in a "priming" phenomena, in which a small amount of IFN in the system results in a greater cytokine response after stimulation (28) .
The responses to LPS showed the greatest divergence between subject groups, and the addition of IFN-α in the IFN-α + LPS tube provided some additional insights. The high-IFN patients were notable for their MIP-1b responses to LPS, and the low-IFN SLE blood sample added to the IFN-α + LPS tube also showed an increase in MIP-1b, suggesting a synergy between LPS and IFN-α in MIP-1b induction. Although the high IFN group had the highest IL-1b levels in serum, this group did not increase IL-1b after LPS stimulation. In contrast, the low-IFN SLE patients and the control IFN-α + LPS condition showed increased IL-1b after LPS stimulation. This pattern was also shared by IL-1RA and MCP-1. The pattern observed with these cytokines suggests some of the potential differences between acute IFN-α stimulation and the chronic IFN-α state present in the high-IFN SLE patients. Notably, the high-IFN SLE patients showed reduced responsiveness to LPS for a number of cytokines as compared with the low-IFN SLE patients, and this difference was even | 505 more marked when a strong IFN-α co-stimulus was included in the high-IFN SLE patient tube. IL-1b, MCP-1, IL-1RA, and IP-10 were all elevated in the low-IFN SLE patients but not in the high-IFN SLE patients after LPS, with or without IFN-α as a co-stimulant. IL-6, IL-8, IL-12, and TNF-α were all elevated in the low-IFN SLE patients with and without IFN-α co-stimulation, but in the high IFN SLE patients, they were only elevated in the LPS alone tube and not in the IFN-α + LPS tube. Type I IFN production was elevated in high-IFN patients in the LPS alone tube but not the IFN-α + LPS tube. Interestingly, the low-IFN SLE patients produced more type I IFN after stimulation in all other conditions except LPS alone as compared with the high-IFN SLE patients, also supporting the idea of a down-regulated endosomal TLR response in the high-IFN patients.
A limitation of this study is that the high-IFN patients are significantly younger than the low-IFN patients. This has been previously reported in large cohort studies (16) . This trend is present in both women and men with SLE, making menopause a less likely explanation for the observed pattern (29) . Previous studies have documented some age-related differences in immune cell numbers and stimulated immune cell responses in healthy individuals (30, 31) , and we cannot exclude that some of these age-related effects could contribute to the patterns we observe in the SLE patients in this study. Our study does, however, reflect the patients we see in the clinic, in whom these variables will also be correlated and not separable.
These data provide a unique window into human SLE and the impact of type I IFN upon functional immune cell outputs. This type of information is critical as we consider blocking the type I IFN pathway in human patients, as we show that other distinct cytokine elevations coexist with the high vs. low type I IFN category. These differing cytokine patterns could mediate response vs. nonresponse to therapy, or persistent disease features despite efficient type I IFN blockade. The results presented here may also be informative in considering SLE patients who have an infection. LPS would be representative of a gram-negative bacterial infection, whereas the CpG and R848 could simulate viral infections. The large differences we observe in the stimulated cytokine outputs following these pathogen-associated stimuli could provide insight into the poorly understood and unpredictable phenomenon of SLE flare following infection. It is clear that in whole blood from SLE patients, responses to these canonical TLR pathways are very different depending upon type I IFN status.
